Abstract-Recognizing the microenvironmental cues that affect cellular morphology and mechanical properties will contribute to our general understanding of tumor cells, as well as provide approaches to develop effective anti-cancer therapies. Constructing the designated physical microenvironment in which the tumor cells exist is important for cancer cell studies. Although numerous studies have examined how the local interactions between tumor cells and their surrounding microenvironment can regulate cellular behavior, the methods required are very complex and time-consuming. In this manuscript, we describe a lightaddressable method to pattern poly-(ethylene) glycol diacrylate (PEGDA) for constructing the surrounding microenvironment of cancer cells, enabling investigation of the effect of the external environment on cancer cell behavior including cell morphology, proliferation, and migration. This is the first method that can be used to simultaneously study all of these behaviors. Using programmable UV exposure, polymerization of the PEGDA solution was induced to create arbitrary shapes with high biocompatibility, and the resistance to cell attachment enabled the PEGDA-coat film to hinder cell adhesion, while the cells grew in the blank area. Moreover, cancer cell morphology, proliferation, and migration were regulated by the controlled microenvironment as determined by our method.
INTRODUCTION
The microenvironment plays a key role in controlling cell fate and thus regulating cell behavior [1, 2] . Recently, the role of the physical microenvironment in influencing tumor cell behaviors such as adhesion, morphology, differentiation, proliferation, and migration has attracted increasing attention [3] [4] [5] [6] . An increased understanding of how the extracellular micro environmental cues, which physically influence cancer progression and function, will contribute to our general understanding of cancer cells and help to develop approaches for effective anti-cancer therapy [7] . Thus, it is important to construct a physical microenvironment in which the behavior of tumor cells can be regulated. Numerous studies have been conducted to examine the interactions between cancer cells and the microenvironment. The methods involving micro-post arrays [8] , micro-contact printing [9, 10] , and microfluidic channels [11, 12] have demonstrated that cell stiffness can be affected by both substrate stiffness and spreading area. However, these techniques, which require the adsorption of specific proteins or use of photolithography and soft lithography to confine cell adhesion and set up the microenvironment, are time-consuming and are not easy to manipulate. Synthetic extracellular matrix scaffolds [7, 13, 14] ,which can be used to culture tumor cells to better mimic in vivo phenotypes, is another technique for controlling tumor cells and can provide initial structural integrity. However, a major drawback to the use of scaffolds is the limited ability to control the chemical and physical properties of collagen or other materials forming scaffolds.
In this study, we developed a rapid, automatic technique for investigating the how extracellular microenvironmental cues physically affect cell progression. This technique can regulate cell behaviors without changing the physical and biochemical properties of the substrate. In this technique, using programmable UV exposure, polymerization of the poly(ethylene) glycol diacrylate(PEGDA) solution can be induced to create arbitrary patterns on common glass with high efficiency, flexibility, and repeatability. Hydrophilic PEGDA surfaces resist protein adsorption and are considered unsuitable for the adherence of cells, while common glass allows cells to grow in specific patterns. Figure 1 shows the assembly of the digitally lightaddressable modification of the PEGDA hydrogel pattern. The digital mirror device (DMD)-based modulating projection printing system included five parts: UV light source, DMD, projection optics, processing platform, and CCD camera, as shown in Figure 1(a) . The DMD, which serves as the dynamic mask, is the core component of the system and dynamically generates configurable images by digitally processing of the projection light. We used a UV laser with a wavelength of375nm and light intensity of50mW as the light source. To fabricate the PEGDA patterns, a series of programmable light patterns, created using computer software, were imputed to the DMD, and then the corresponding images were projected on the glass substrate through the projection optics as shown in Figure 1(b) . Using the light source and optical device integration, the DMD was implemented with higher speed, accuracy, and efficiency compared to other spatial light modulators.
II. MATERIAL AND METHOD

A. Experimental system
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B. Material
In this experiment, PEGDA, the most commonly used hydrogel, was used for polymer crosslinking. Diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO; Sigma Aldrich, St. Louis, MO, USA) was used as the initiator. The PEGDA prepolymer solution preparation was carried outin two steps: (1) pure PEGDA (Mw = 10 kDa, Mn = 575 kDa; Sigma Aldrich) was mixed with ethyl alcohol in a 1:4 (v/v) ratio and magnetically stirred for 30 min until the PEGDA was fully dissolved;(2) next, the photo initiator(TPO) was added to the PEGDA/ethyl alcohol solution at a concentration of 0.5% (w/v) and magnetically stirred for 30 min in the darkness until the initiator was completely dissolved.
The mixture solution of PEGDA precursor and photopolymerization initiator TPO was cured by UV exposure. The interaction between UV light and TPO opened the carboncarbon bonds of the PEGDA molecule chains and thereby induced the addition reaction among molecules, resulting in polymerization of the monomers to form the macromolecule hydrogel.
C. Cell culture
MCF-7 cells (breast cancer cells) and HepG2 (liver hepatocellular cells) were cultured at 37°C in an incubator at5% CO2 and 95% air. Hyclone RPMI-1640 culture medium containing 10% fetal bovine serum and 1% penicillinstreptomycin was used. Initially, the cells were cultured on a 60-mm Petri dish. For patterning of the cells with hydrogel microstructures, the cells were detached using 0.25% trypsin/EDTA, followed by centrifugation for 3 min at 1000 rpm. The supernatant was removed and 1mL new culture medium was added to obtain a cell suspension solution. A 60-mm Petri dish was filled with 6mL of culture medium and the glass substrate with patterned PEGDA was submerged into the medium. Next, 200 μL of cell suspension solution was placed into the Petri dish with patterned PEGDA. All operations mentioned were performed in a biological safety cabinet. Finally, the Petri dish with patterned PEGDA and MCF-7 cells was incubated at 37°C in 5% humidified CO2. The growth of the MCF-7 cells was monitored via optical microscopy every day and the cell patterns were recorded daily.
D. Mechanical properties measurement
Atom force microscopy (AFM) can be used in a liquid environment to probe the mechanical properties of cells. In this study, the AFM system used for mechanical property analysis was the Bioscope Catalyst AFM (Bruker, Billerica, MA, USA). The measurement of mechanical properties was performed in fluidic contact mode. The force curves on the cell were obtained at different positions. Twenty force curves were obtained at the same loading rate. Next, the elastic modulus of the cell was calculated using the Hertz model [15, 16] :
In the model, ν is the Poisson ratio of the sample, δ is the indentation depth, θ is the half-opening angle of the AFM tip, F is the applied loading force, and E is Young's modulus.
III. RESULTS AND DICUSSION
A. Bio-writing utilizing the DMPP system By changing the input image sequences, different virtual masks generated by DMD can be utilized to fabricate configurable hydrogel microstructure patterns. Figure 2 shows the letters constructed by the cells utilizing the DMPP system known as "bio-writing". Figures 2(c) and 2(f) are the different fonts of "SIA". The letters were generated by computer and then imputed to the DMD. Finally, the corresponding pattern was cured on the glass. The cells adhered to the hollow area of the pattern as shown in Figures 2(b) and 2(e). Figures 2(a) and 2(d) show the fluorescence images of cell staining using calcein-AM. Cells that grew in the letter "I" showed different morphology, including a higher length-width ratio compared with the other font (Figure 2(a) and 2(b) ). The patterned PEGDA restricted the area in which the cells grew. The shapes of the PEGDA hollow area influenced the cell morphology. As shown in Figure 3 , we patterned a circular PEGDA hollow shape on common glass. After culture for 2 days, cell morphology was observed by optical microscopy. The cells grew into the shape of an approximate circle, which corresponded to the PEGDA pattern. The deformed cells grew in a restricted area, indicating that the tumor cells were viable and strongly self-adaptive to the environment.
B. Cell morphology
Furthermore, this method is straightforward and efficient for studying interactions between neighboring cells because of its crucial role in ruling cell fate and function by forming cell chains. Thus, this patterned technique can be used to form cell chains, as shown in Figure 3 . Moreover, cells can be grown into any customized shapes using patterned PEGDA microstructures. Figure 4 shows the cell pattern shape of triangle culturing for 3 days. Figure 4(a) is the optical microscope image and 4(b) is the corresponding fluorescent image. The cell patterns were very clear and no cells grew in the PEGDA-covered area. The experimental results demonstrate the ability to pattern specific cell patterns. As shown in Figure 5 (e), MCF-7 cells grew on the PEGDA surface after filling the PEGDA-uncovered area. Furthermore, as shown in Figure 3 , cells that grew in defined patterns regulated their shapes to adapt to the restricted adhesion areas. This process was regulated by deformation of the cytoskeleton. Cells actively responded to the experimental conditions by changing their mechanical properties. To investigate the mechanical properties of cells influenced by the pattern, we measured the Young's modulus of cells growing indifferent regions using AFM. As shown in Figure 6 (e), there were three types of cells: (1) cells that grew on common glass without restricted areas, (2) cells that grew on the confined triangle pattern area, (3) cells that grew on the PEGDA surface. The final results shown in Figure 6 (d) indicate that the average modulus of freely growing cells was 3.3±0.8 kPa and cells growing on the restricted area had stiffness values of 4.1±1.1 kPa; however, cells growing on the PEGDA surface were softer. Figure 6 shows that the Young's modulus of cells growing on the restricted area became larger than cells growing freely. This result suggests that patterned PEGDA limits the cell growth space and that restricted cells must change their cytoskeleton to adapt to the new circumstances. Moreover, cross-linked PEGDA was softer than the glass substrate, and thus cells growing on the PEGDA surface became softer than normal cells. In this experiment, not only the shape of the cells, but also the stiffness values were influenced by their surrounding environment. To study cell migration, honeycomb PEGDA structures with different channel widths were fabricated using the DMDbased system as shown in Figure 6 . The cell migration in different channel widths was continuously recorded using a Nikon microscope with a cell culture system to control the temperature, humidity, and CO2. MCF-7 cells migrated at different speeds in accordance with channel width. As seen in Figure 7 , as channel width decreased, the migration speed of cells increased. The speeds reached 18±3.7 μm/h when the channel width was just 20 μm.
C. Mechanical properties of patterned cells
D. Cell migration with tunable confinement
To migrate, a cell body must modify its shape and stiffness to interact with the surrounding tissue structure. The different migration speeds may be related to the effect of channel width on the cytoskeletal architecture and polarization of traction force [12] . The narrow channels can regulate the traction force along the direction of the channel and therefore enhance the migration speed.
IV. CONCLUSION
In this study, designed PEGDA patterns were fabricated to control cancer cell growth utilizing a DMD-based system. Compared to existing methods, our technique is flexible, effective, and repeatable. Importantly, our method can be used to study all various behaviors simultaneously. Cancer cells can grow into arbitrary shapes, including circle, triangle, and different letters. Furthermore, this technique can change not only cell growth shape but also single-cell morphology. Even cell chains can be formed to study the cell interaction using our method. In our work, cellular growth behavior including cell attachment, proliferation, invasion to the surrounding environment, and cell migration were examined by culturing cells on glass modified with a triangle-shaped PEGDA hydrogel and recording these properties in real-time using optical microscopy. To study the mechanical properties of cells, AFM was used to characterize the Young's modulus of differently shaped growing tumor cells. The results indicate that restricted patterns can stiffen and strengthen the cells. Moreover, the fabricated narrow channels can regulate the traction force along the direction of the channel and therefore enhance the migration speed. In a new environment, cancer cells can change their morphologies and mechanical properties to survive. Our technique provides a versatile tool for cancer cell patterning and studying cell-environment and cell-cell interactions in vitro. Furthermore, our results will increase the understanding of the biological characteristics of cancer cells that in turn will lead to new treatment strategies.
